DNA nicks are the most common form of DNA damage, and if unrepaired can give rise to genomic instability. In human cells, nicks are efficiently repaired via the single-strand break repair pathway, but relatively little is known about the fate of nicks not processed by that pathway. Here we show that homology-directed repair (HDR) at nicks occurs via a mechanism distinct from HDR at double-strand breaks (DSBs). HDR at nicks, but not DSBs, is associated with transcription and is eightfold more efficient at a nick on the transcribed strand than at a nick on the nontranscribed strand. HDR at nicks can proceed by a pathway dependent upon canonical HDR factors RAD51 and BRCA2; or by an efficient alternative pathway that uses either ssDNA or nicked dsDNA donors and that is strongly inhibited by RAD51 and BRCA2. Nicks generated by either I-AniI or the CRISPR/Cas9 D10A nickase are repaired by the alternative HDR pathway with little accompanying mutagenic end-joining, so this pathway may be usefully applied to genome engineering. These results suggest that alternative HDR at nicks may be stimulated in physiological contexts in which canonical RAD51/BRCA2-dependent HDR is compromised or down-regulated, which occurs frequently in tumors.
DNA nicks are the most common form of DNA damage, and if unrepaired can give rise to genomic instability. In human cells, nicks are efficiently repaired via the single-strand break repair pathway, but relatively little is known about the fate of nicks not processed by that pathway. Here we show that homology-directed repair (HDR) at nicks occurs via a mechanism distinct from HDR at double-strand breaks (DSBs). HDR at nicks, but not DSBs, is associated with transcription and is eightfold more efficient at a nick on the transcribed strand than at a nick on the nontranscribed strand. HDR at nicks can proceed by a pathway dependent upon canonical HDR factors RAD51 and BRCA2; or by an efficient alternative pathway that uses either ssDNA or nicked dsDNA donors and that is strongly inhibited by RAD51 and BRCA2. Nicks generated by either I-AniI or the CRISPR/Cas9 D10A nickase are repaired by the alternative HDR pathway with little accompanying mutagenic end-joining, so this pathway may be usefully applied to genome engineering. These results suggest that alternative HDR at nicks may be stimulated in physiological contexts in which canonical RAD51/BRCA2-dependent HDR is compromised or down-regulated, which occurs frequently in tumors. (1) . Nicks can be caused by oxidative stress or ionizing radiation, which generates 30 nicks for every double-strand break (DSB). Reactive oxygen species (ROS), such as superoxide, hydrogen peroxide, and hydroxyl radicals, can damage a deoxyribose moiety to nick DNA directly, or modify DNA precursors (e.g., by converting guanine to 8-oxoguanine) and thereby overload downstream repair to create a burden of nicked DNA (1) (2) (3) (4) . Nicks are also intermediates in essential DNA metabolism and repair pathways, including base excision repair, nucleotide excision repair, mismatch repair, ribonucleoside monophosphate removal, and regulation of superhelicity by topoisomerases.
Nicks are efficiently repaired by the single-strand break repair (SSBR) pathway, which assembles a repair complex at a nick in which X-ray repair cross-complementing protein 1 (XRCC1) is a critical but noncatalytic member (5) (6) (7) (8) . XRCC1 interacts with factors that clean up modified DNA ends to create a gap that is filled by polymerase POL β, or the replicative polymerases POL δ and e. LIG3 or other ligases then reseal the DNA backbone (5) (6) (7) .
Nicks can also initiate homology-directed repair (HDR) (9) (10) (11) (12) . This has drawn considerable interest as a strategy for gene therapy by targeted gene correction, because nicks cause less mutagenic end-joining (mutEJ) than do DSBs (13, 14) . However, the mechanism of HDR at nicks has not been defined, either in mammalian cells or in model organisms such as Saccharomyces cerevisiae. In particular, it is not known whether HDR at nicks proceeds via the canonical HDR pathway that has been characterized in detail at DNA DSBs, in which free single-stranded 3′ ends are exposed, allowing BRCA2 to load RAD51, thus promoting strand invasion (15) .
Here we compare frequencies of HDR at DNA nicks and DSBs in human cells, using both dsDNA and ssDNA donors for repair. We show that HDR at nicks, but not DSBs, is associated with transcription and occurs more efficiently at a nick on the transcribed strand than at a nick on the nontranscribed strand. We further show that two distinct pathways can promote HDR at nicks. One pathway resembles canonical HDR at DSBs and requires RAD51 and BRCA2 and primarily uses dsDNA donors. The other pathway, which we refer to as alternative HDR, is a unique pathway quite distinct from canonical HDR. Alternative HDR is inhibited by RAD51 and BRCA2 and is stimulated by transient knockdown of these factors or by expression of the RAD51 dominant negative mutant, RAD51 K133R . Alternative HDR preferentially uses ssDNA or nicked dsDNA donors rather than intact dsDNAs. This newly identified alternative HDR pathway can efficiently process nicks targeted by the CRISPR/Cas9 D10A nickase, with little accompanying mutEJ, so it is of potential practical utility for genome engineering by targeted gene correction. In physiological contexts, alternative HDR at nicks may be stimulated under conditions in which canonical HDR is compromised by mutation of key factors, or down-regulated in response to environmental conditions or drugs. Our evidence that a nicked dsDNA donor can promote alternative HDR at a nicked dsDNA target also raises the possibility that alternative HDR at nicks may contribute to loss of heterozygosity, a form of genomic instability frequently observed in tumors.
Results

HDR with a Duplex Donor Is More Efficient at a Nick on the Transcribed
Strand. To study nick-initiated and DSB-initiated HDR, we used two versions of the I-AniI homing endonuclease. One generates DSBs, and the other, a "nickase" derivative, is disabled at one of Significance Nicks are a very common form of DNA damage, but their threat to genomic integrity has been neglected because it is assumed that all nicks are repaired by simple religation. Here we challenge that assumption. We identify a robust pathway for homology-directed repair (HDR) that is active at DNA nicks. This alternative HDR pathway is stimulated upon down-regulation of key factors in canonical HDR at double-strand breaks. Alternative HDR at targeted nicks has immediate practical applications to genome engineering. Alternative HDR can promote repair of a nicked target by a nicked donor and may thereby contribute to loss of heterozygosity, a common form of genomic instability in tumors.
its two active sites so it cleaves only one DNA strand to generate a nick rather than a DSB (12) . To compare frequencies of HDR at nicks and DSBs, we used a Traffic Light (TL) reporter carrying an I-AniI site as the target for HDR (16) . In cells bearing these reporters stably integrated in the genome, HDR by a homologous donor that replaces the I-AniI site and proximal stop codon will yield GFP + cells, whereas mutEJ events that cause a +2 frameshift yield mCherry + cells (Fig. 1A) . To enable comparison of the outcomes of nicking either DNA strand, the I-AniI site was inserted in both forward and reverse orientations, to create the TL TS and TL NT reporters, which support nicking on the transcribed or nontranscribed strand, respectively (Fig. S1) .
Transcription-coupled nucleotide excision repair preferentially detects and repairs damage on the transcribed DNA strand (17) , and a nick on the transcribed strand can arrest transcriptional elongation in human cell extracts (18 (16) consists of a defective GFP gene containing an I-AniI site and two stop codons (asterisks) near the 5′ end, joined by a T2A translational linker to the mCherry coding sequence in the +2 ORF. The I-AniI site is oriented to nick the transcribed strand in the TL TS reporter and the nontranscribed strand in the TL NT reporter, as indicated by the two arrowheads. GFP + (green) cells will result from HDR of the chromosomal reporter using an exogenous donor, whereas mCherry + (red) cells will result from cleavage at the I-AniI site followed by mutEJ that puts mCherry in the +2 reading frame. Details in comparable in TL TS and TL NT populations (Fig. S3A, Left) , so the elevated frequency of HDR at a transcribed strand nick is unlikely to reflect differences in efficiency of nicking the two strands. A nick initiated many fewer mutEJ events (mCherry + cells) than did a DSB, as anticipated (13, 14) . DSBs initiated both HDR (Fig. 1B , Right) and mutEJ ( Fig. S3A , Right) at comparable frequencies in TL TS and TL NT populations. These results suggest that I-AniI recognizes its site in the TL TS and TL NT reporters with comparable efficiency but that HDR at a nick proceeds with a strand bias that promotes more efficient HDR at a nick on the transcribed strand.
Transcription Stimulates HDR at a Nick on the Transcribed Strand and Inhibits HDR at a Nick on the Nontranscribed Strand. To determine whether active transcription was required for the strand bias in HDR at nicks, we created derivatives of the TL TS and TL NT reporters in which a tetracycline-inducible promoter (P-Tet) was substituted for the constitutive SFFV promoter upstream of GFP. These P-Tet TL TS and P-Tet TL NT reporters were stably integrated at the unique FRT site in Flp-In T-REx-293 cells. Cells were cultured with (ON) or without (OFF) 1 μg/mL doxycycline, transfected with the pCS14GFP plasmid dsDNA donor and an I-AniI expression construct, and after 8-9 d of culture, doxycycline was added to the OFF cells to permit detection of HDR (GFP + ) and mutEJ (mCherry + ) events that had occurred in the absence of transcription. Active transcription increased the frequency of HDR 2.5-fold at a nick on the transcribed strand but reduced the frequency of HDR fourfold at a nick on the nontranscribed strand (Fig. 1C) . These opposing effects together account for the eightfold greater frequency of HDR at a nick on the transcribed strand in an actively transcribed gene (Fig. 1B , Center). Frequencies of mutEJ events at nicks were not affected by transcription (Fig. S3B , Left), suggesting that the effect of transcription on HDR is not due to stimulation or inhibition of nicking on the transcribed and nontranscribed strands. Transcription did not affect the frequency of HDR at a DSB generated by wild-type I-AniI (Fig. 1C , Right), consistent with other reports (19) (20) (21) , but did cause a twofold reduction in the frequency of mutEJ at DSBs in both P-Tet TL TS and P-Tet TL NT cells (Fig. S3B , Right), suggesting that factors associated with the transcription apparatus may protect a DSB from nonhomologous end-joining (NHEJ). The results above suggest that the transcription-associated strand bias of HDR at nicks does not reflect the level of nicking but subsequent events in nick repair. One simple possibility is that DNA unwinding ahead of the advancing RNA polymerase may expose the recombinogenic 3′ end of a nick on the transcribed strand and thereby stimulate HDR; and conversely, that occlusion of the 3′ end and exposure of the less recombinogenic 5′ end of a nick on the nontranscribed strand may impair HDR (Fig. 1D ).
HDR at Nicks with ssDNA Donors Displays Strand Bias. ssDNA molecules can serve as donors for HDR at DSBs (22) (23) (24) . We asked whether they can also serve as donors for HDR at nicks and whether strand bias was evident in use of ssDNA donors for repair. In these experiments the donors for HDR were 99-nt ssDNA oligonucleotides in which a central 17-nt heterologous region corrects the mutations in the defective target gene ( Fig.  2A; here and elsewhere the transcribed strand is shown in blue and the nontranscribed strand in green, independent of the orientation of the nick). HDR frequencies were compared in parallel in cells transfected with ssDNA donors complementary to either the intact (cI) or nicked (cN) DNA strand. In 293T-TL7 TS cells, a clonal derivative of 293T carrying the TL TS reporter, the cI donor supported HDR at nicks threefold more efficiently than the cN donor (Fig. 2B, Left) . There was no significant difference in the frequencies of HDR at a DSB by these donors. However, even with the preferred cI donor, HDR at a transcribed strand nick was more than eightfold less efficient than with the plasmid dsDNA donor (0.034% vs. 0.28%; Fig. 1B, Center) .
We extended this analysis to a different cell line to ensure that results did not reflect unusual properties of 293T cells. HT1080 cells derive from a human fibrosarcoma and, in contrast to 293T cells, are p53-positive and exhibit a stable diploid karyotype. In HT1080-TL4 TS cells, a clonal derivative of HT1080 carrying the TL TS reporter, the cI donor supported HDR at nicks with eightfold greater efficiency than the cN donor (0.16% and 0.02%, respectively; Fig. 2B , Right), the same donor strand bias as observed in 293T-TL7 TS cells. The absolute frequency of HDR at a nick by ssDNA donors was several-fold higher in HT1080 cells than in 293T cells (Fig. 2B) . The difference in absolute HDR frequency between the 293T and HT1080 reporter lines is not surprising considering that the two cell lines originated in different tissues and are likely to have disregulated different repair pathways upon transformation. The frequency of HDR at DSBs displayed no donor strand bias and was comparable in 293T-TL7   TS   and HT1080-TL4 TS cells (Fig. 2B) . We conclude that, in both 293T and HT1080 cells, at nicks but not DSBs the ssDNA donor complementary to the intact strand supported HDR several-fold better than the donor complementary to the nicked strand (Fig. 2B) . We tested the effect of transcriptional orientation on ssDNA donor strand preference by comparing HDR by the cI and cN ssDNA donors in the 293T TL TS and 293T TL NT populations, in which reporters are integrated at heterogeneous chromosomal positions to minimize possible effects of replication direction. The cI ssDNA donor, complementary to the intact strand, supported HDR more efficiently than the cN donor regardless of whether the initiating nick was on the transcribed or nontranscribed strand (Fig. 2C, Left) . No donor strand bias was evident in HDR at DSBs in these populations (Fig. 2C, Right) .
We conclude that there is clear donor strand bias in repair of nicks, which is independent of transcriptional orientation. Bias is determined by which DNA strand is nicked, and the HDR pathway preferentially uses an ssDNA donor that can anneal to the intact strand.
HDR at Nicks with ssDNA Donors Can Proceed via an Alternative
Pathway Normally Suppressed by RAD51 and BRCA2. RAD51 promotes strand exchange and is a critical component of the canonical HDR pathway (15) . To determine whether HDR at nicks uses this canonical pathway, we examined the effect of RAD51 knockdown by siRNA treatment of the clonal 293T-TL7 TS line. Strikingly, siRAD51 greatly increased the frequency of HDR at nicks by ssDNA donors complementary to either strand, but reduced the frequency of HDR by a dsDNA donor (Fig. 3A , Left). siRAD51 reduced the frequency of HDR at DSBs, as expected, but had a much greater effect on HDR by a dsDNA than a ssDNA donor (12-fold vs. twofold; Fig. 3A, Right) . Similar results were observed upon transient expression of RAD51 K133R , a dominant negative mutant that does not hydrolyze ATP (25) , in assays of TL TS and TL NT populations (Fig. 3B) and in both the 293T-TL7
TS and the HT1080-TL4 TS clonal lines (Fig. S4 A  and B) . Thus, reduction of RAD51 activity, either by knockdown or expression of a dominant negative mutant, stimulated HDR with ssDNA donors at nicks but not at DSBs, and stimulation was not specific to a single cell type. This demonstrates that HDR at nicks using ssDNA donors uses a pathway distinct from the canonical RAD51-dependent pathway that supports HDR at DSBs.
Single-strand annealing (SSA) in human cells can repair DSBs by joining flanking repeated sequences in cis, leading to deletion (23, (26) (27) (28) (29) . SSA is inhibited by RAD51, like HDR at nicks by ssDNA donors. SSA is also inhibited by BRCA2 but requires BRCA1. As a first step toward defining additional similarities and differences between alternative HDR and SSA, we assayed the effects of siBRCA2 and siBRCA1 on HDR at nicks. HDR at nicks using an ssDNA donor was stimulated 60-fold by siBRCA2 in 293T-TL7 TS cells (Fig. 3C, Left) . siBRCA1 alone caused some stimulation (2.5-fold), which may reflect a contribution of BRCA1 to the activity of BRCA2/RAD51. siBRCA1 had the opposite effect on the alternative HDR pathway: siBRCA1 reduced by fourfold the stimulation of HDR at nicks observed in response to treatment with either siRAD51 or siBRCA2 (Fig. 3C, Left) . At DSBs, using a plasmid donor, siBRCA1, siBRCA2, or siRAD51 inhibited HDR, as expected (Fig. 3C, Right) . We conclude that HDR at nicks can proceed by an alternative pathway that is normally inhibited by the canonical RAD51/BRCA2-dependent HDR pathway but requires BRCA1. 
Nicked dsDNA Donors Promote Efficient Alternative HDR at a Nicked
Target. Concerted nicking of both donor and target DNA has been reported to stimulate HDR (30) . This raises the possibility that the prevalence of nicks in the genome may stimulate HDR not only between sister chromatids, which would not alter genomic sequence, but also between homologous chromosomes, which could result in loss of heterozygosity, a common form of genomic instability in tumor cells. We therefore compared HDR of a nicked target using either an intact or nicked dsDNA plasmid donor in the 293T-TL7 TS cell line. The donors were dsDNA plasmids carrying a GFP gene that had been inactivated by insertion of two stop codons, bearing no I-AniI site (pG-no) or an I-AniI site at the 3′ end of GFP on either the transcribed (pGAn-TS) or nontranscribed (pGAn-NT) DNA strand, to enable intracellular nicking in cells expressing I-AniI nickase (Fig.  3D, Left and Fig. S1 ). The nicked dsDNA donors were more active than the intact dsDNA donor, regardless of which donor strand was nicked, both in cells carrying out canonical HDR and in cells in which canonical HDR was suppressed by transient expression of RAD51 K133R (Fig. 3D, Right) . Thus, genomic dsDNA that has been nicked in the course of replication, transcription, recombination, or repair may serve as an intracellular donor or target for canonical or alternative HDR at a nick in a homologous sequence.
Efficient Alternative HDR at Nicks Generated by CRISPR/Cas9 D10A . The very high efficiency of alternative HDR at nicks suggested that this pathway might be useful in targeted gene correction. The CRISPR/Cas9 system is ideal for this application because target specificity is easily modified and, as with I-AniI, targeting by the nickase derivative CRISPR/Cas9 D10A is accompanied by less local deletion than targeting by the CRISPR/Cas9 cleavase (31) . To determine whether nicks generated by CRISPR/Cas9 D10A could be repaired by alternative HDR, Cas9 D10A or Cas9 WT was coexpressed with a CRISPR guide RNA designed to target the enzyme to a site 9 bp upstream of the I-AniI recognition sequence in the TL TS reporter in 293T-TL7 TS cells (Fig. 4A) . HDR frequencies were compared in cells treated with a nontargeting control siRNA (NT2) or siRNAs directed toward the key canonical HDR factor, BRCA2 (Fig. 4B) . These experiments showed that siBRCA2 inhibited HDR with a dsDNA donor at either a nick or DSB but stimulated HDR at a nick using an ssDNA donor. In addition, an ssDNA donor complementary to the intact strand (cI) supported HDR at levels 30-fold higher than the donor complementary to the nicked strand (cN). Thus, the effects of siBRCA2 treatment and the strand bias of the ssDNA repair donor were the same at nicks targeted by CRISPR/Cas9 D10A and the I-AniI nickase.
The frequency of mutEJ (mCherry + cells) at nicks generated by CRISPR/Cas9 D10A was elevated by siBRCA2 treatment, but nonetheless was significantly lower than the frequency of mutEJ at a DSB generated by CRISPR/Cas9 WT (Fig. 4C) . Moreover, the ratio of HDR:mutEJ at nicks by the alternative HDR pathway, assayed in siBRCA2-treated cells, was fivefold higher than at DSBs by canonical HDR (Fig. 4D) . Similar results were obtained in parallel assays of mutEJ initiated by I-AniI nickase in cells in which the alternative HDR pathway was stimulated by transient expression of dominant negative RAD51 K133R (Fig.  S3C) . Nicks on the nontranscribed strand yielded fewer HDR events than nicks on the transcribed strand but comparable levels of mutEJ, resulting in a higher HDR:mutEJ ratio for nicks on the transcribed than nontranscribed strand (compare Fig. 1B and Fig. S3A ). Thus, alternative HDR targeted by CRISPR/Cas9 D10A to a nick on the transcribed strand is twice as efficient as canonical HDR targeted to a DSB by CRISPR/Cas9 and accompanied by significantly less local mutagenesis.
We conclude that the key features of HDR at a nick via the alternative pathway are characteristic of the pathway and independent of the enzyme that targets the nick. It should therefore be straightforward to achieve very efficient gene targeting Donor DNA strands complementary to either the nicked or intact target strand are competent to engage the alternative HDR pathway (Figs. 2 and 3) , suggesting an HDR mechanism in which unwinding or resection occurs at the nick to make both strands of the chromosomal target accessible for donor annealing. To determine whether unwinding or resection may occur preferentially at one side of the nick or the other, we compared HDR at a nick on the transcribed (Fig. 5A) or nontranscribed (Fig. 5B) strand by 75-nt ssDNA donors that were centered on the nick or extended either 3′ or 5′ of it. All of the donors tested could support HDR (Fig. 5 and Dataset S1), but there were significant position-dependent differences in donor efficiency. In all cases the donor centered on the nick was most efficient, and the donor with extended homology 3′ of the nick was least efficient. Clear statistical significance was evident between HDR frequencies for cI (but not cN) donors extending 5′ and 3′ of the nick (P = 1.19 × 10 −5 at a nick on the transcribed strand nick; P = 6.02 × 10 −3 at a nick on the nontranscribed strand). These results suggest that in the alternative HDR pathway, a helicase or nuclease unwinds or resects the nick to expose a gap and that the predominant initial step is exposure of a gap on the 5′ side of the nick.
Discussion
We have shown that nicks that bypass the SSBR pathway may undergo HDR via two distinct pathways. One pathway requires RAD51 and BRCA2 and uses a dsDNA donor, like canonical DSB repair. The second, a unique alternative pathway, uses ssDNA or nicked dsDNA donors and is normally suppressed by RAD51 and BRCA2. Both canonical and alternative HDR were especially efficient at a nick in the transcribed strand of an actively transcribed gene. HDR at nicks by the alternative pathway was independent of the source of the nick and could be initiated by either the I-AniI or CRISPR/Cas9 D10A nickase. Use of the CRISPR/Cas9 D10A nickase to initiate alternative HDR at nicks (Fig. 4) represents a useful strategy for genome engineering. CRISPR/Cas9
D10A is a versatile targeting enzyme. The use of short ssDNAs as HDR donors further streamlines this application. HDR by this pathway is not only efficient but also accompanied by relatively little associated mutEJ, a key advantage for targeted gene correction.
Our results establish that HDR at nicks is distinct from HDR at DSBs in three ways. HDR at nicks-but not DSBs-is (i) transcription-associated; (ii) preferentially uses a ssDNA donor complementary to the intact strand of the target; and (iii) can proceed by an alternative HDR pathway that is stimulated by down-regulation of RAD51 or BRCA2 expression or activity. Previous experiments had provided compel- ling evidence that a nick can initiate HDR (9) (10) (11) (12) (13) but left open the possibility that it might be necessary for a nick to be converted to a DSB for subsequent processing by the DSB repair pathway. The differences we have documented between HDR at nicks and DSBs make it very unlikely that a replicative DSB is an obligatory intermediate in HDR initiated by a nick.
The results reported here lead us to propose a working model for HDR at a nick (Fig. 6) . In HDR using a dsDNA donor (Fig. 6 , Left), BRCA2 loads RAD51 on the free 3′ end to promote homology-dependent strand invasion, as in canonical DSB repair. The requirement for a free 3′ end is consistent with the transcriptiondependent strand bias of HDR using a dsDNA donor, because the unwinding that accompanies transcription will stimulate HDR at a nick on the transcribed strand by promoting release of a 3′ end and inhibit HDR at a nick on the nontranscribed strand by occluding the 3′ end (Figs. 1 C and D) . After strand invasion, the 3′ end of the target is extended by repair synthesis, again as in canonical DSB repair (Fig. 6 ). The donor strand is then released, the target strand reanneals, and flaps are removed and DNA ligated. This resembles gene conversion by synthesis-dependent strand annealing (15) , but recombination might also involve crossover via a single Holliday junction intermediate (32, 33) .
HDR using an ssDNA donor (Fig. 6 , Right) occurs via an alternative pathway that is not only independent of RAD51/ BRCA2 but strongly inhibited by these factors (Figs. 3 and 4) . First, DNA unwinding and/or excision at the nick exposes a singlestranded region in the repair target, and then the ssDNA donor anneals to the target. RAD51 and BRCA2 inhibit annealing and drive recombination via the pathway that uses dsDNA donors (Fig. 6, Left) , which seems to compete with the alternative HDR pathway to carry out repair.
The alternative HDR pathway can use donors complementary to either strand, albeit with differing efficiencies (Figs. 2 and 3) , and subsequent events depend upon the strand used for repair. The less efficient pathway of alternative HDR uses a donor complementary to the nicked strand (cN), which can anneal to the free 3′ end of the target and then serve as the template for repair synthesis primed by that 3′ end. Donor release then enables reannealing of the DNA duplex, followed by flap removal and ligation to complete HDR. Note the similarities with HDR at a nick using a dsDNA donor (Fig. 6, Left) , especially the requirement for unwinding to expose a free 3′ end in both pathways. The more efficient pathway of alternative HDR uses a donor complementary to the intact strand (cI), which can anneal to the gap generated at the nick to form a heteroduplex with the intact strand of the target DNA. The preference for an ssDNA donor with extended homology to one side of the nick (Fig. 5) suggests that gap exposure occurs predominantly 5′ of the nick. The donor may then be ligated into the target (possibly requiring processing of donor or target ends), and heterology eliminated by mismatch repair or upon segregation (Fig. 6, Left) . Alternatively, the donor may direct mismatch repair and be released in the course of repair synthesis (Fig. S5) .
The alternative HDR pathway is inhibited by RAD51 or BRCA2 but requires BRCA1 (Fig. 3D) . These features are shared with the SSA pathway of HDR of DSBs, which repairs DSBs using as donors repetitive sequences in cis. It will be interesting to learn in future experiments whether alternative HDR shares other features with the SSA pathway, such as dependence upon RAD52. BRCA1 seems to play contrasting roles in HDR at nicks, depending on whether cells have or have not been treated with siRAD51 or siBRCA2 to stimulate alternative HDR. Treatment with siBRCA1 alone caused modest stimulation in HDR by an ssDNA donor, in cells not treated with either siRAD51 or siBRCA2. This may reflect the well-documented role of BRCA1 in promoting BRCA2 function. In contrast, siBRCA1 inhibited HDR at nicks in cells treated with either siRAD51 or siBRCA2. This suggests that one physiological function of BRCA1 may be to promote alternative HDR. We do not yet know how this occurs, but BRCA1 is multifunctional, and it is plausible that BRCA1 recruits or regulates other factors that are critical to alternative HDR.
The pathways that support use of an ssDNA donor may also be applicable to repair by a single-stranded region of a nicked dsDNA donor (Figs. S6 and S7) . In that context, this mechanism may be relevant to regulated diversification of Ig V regions by gene conversion (34) , where cytidine deamination by activationinduced deaminase is processed to generate a nick in the target, and repair is templated by upstream pseudogene donors. More generally, this mechanism may contribute to loss of heterozygosity (LOH). LOH without accompanying change in gene copy number occurs frequently in cancer cells and is an important source of mutations that drive tumorigenesis (35) (36) (37) . LOH can occur if HDR uses an allelic region of the homologous chromosome as donor. If HDR between nicked homologs promotes LOH, then DNA nicks may constitute a more serious threat to genomic integrity than previously appreciated.
Alternative HDR at nicks is suppressed by canonical HDR and may therefore be active in contexts in which canonical HDR is inactive. Examples include breast and ovarian cancers bearing BRCA2 mutations, and regions of solid tumors in which local hypoxic conditions down-regulate canonical HDR (38) (39) (40) (41) . Recently, highly significant correlations have been documented between increased frequencies of LOH and deficiencies in canonical HDR in primary breast and ovarian tumors and cell lines (42) . This otherwise paradoxical observation may be explained if the alternative HDR pathway mediates LOH in these tumors, using the nicked homologous chromosome as donor.
Materials and Methods
Details regarding materials and methods are in SI Materials and Methods.
Cell Culture and Transfection. Human cells lines were cultured as previously described (13) . siRNA and DNA transfections were performed according to the manufacturer's protocol (Lipofectamine RNAiMAX and LTX, repectively; Life Technologies). To determine the efficiency of siRNA knockdown (Fig.  S8) , mRNA levels of BRCA1, BRCA2, and RAD51 were quantified by RT-PCR, relative to a control that assayed transcripts from the lactate dehydrogenase A (LDHA) gene. The effect of siRNA treatment was corroborated by control experiments that showed that siBRCA1, siBRCA2, and siRAD51 treatments all inhibited HDR at a DSB, as predicted by the extensive literature on the canonical HDR pathway.
Flow Cytometry, HDR, and mutEJ Frequencies. Cells were processed for flow cytometry as described previously (13) . In experiments with I-AniI, which was coexpressed with mTagBFP (BFP), data are presented as GFP + and mCherry 
